Historically, twinning classification has been obtained by optical microscopy, bulk x-ray and neutron diffraction, and transmission electron microscopy (TEM). Recent research has shown that automated electron backscatter diffraction (EBSD) can be used to quantify twin content and thereby greatly improve the reliability of twinning statistics. An automated twin identification technique for use with EBSD has facilitated a greater understanding of deformation twinning in materials. The key features of this automated framework are the use of the crystallographic definition of twin relationships, and the correct identification of the parent orientation in a parent/twin pair. The complex nature of the parent/twin interactions required the use of a voting scheme to correctly identify parent orientations. In those few cases where the voting scheme was unable to determine parent orientation (< 2%) the algorithm allows for manual selection. Twin area fractions are categorized by operative twin systems along with secondary and tertiary twinning. These statistics are reported for deformation and annealing twin populations in deformed α-zirconium and asannealed 316L stainless steel, respectively. These improved twin statistics can help provide insight into the effect of deformation processes on microstructural evolution, as well as provide validation of plasticity models for materials that exhibit deformation twinning.
Introduction
As the predictive capabilities of twin models improve, gross measures and qualitative estimates of twin density or twin area fractions may no longer be sufficient validation metrics. Details of the microscopic deformation such as the balance between competing twin types and the number of active twin variants may be required. One example of this progress toward greater microstructural detail can be seen in studies of shape memory alloys [1, 2] . In an effort to obtain statistical twin information automated electron backscatter diffraction (EBSD) [3] has been used but most EBSD work has only focused on misorientation relationships [4] . To extend twin studies with EBSD, Mason et al. [5] proposed three twin criteria for determining parent/twin boundaries. Continuing this work Wright et al. [6] developed a fully automated technique that chose the major orientation within a grain as the parent orientation (majority rule). This work has led to a greater understanding of the coherency of twin boundaries and twin area fractions. Henrie et al. [7] developed a semiautomated technique that relied on a manual parent selection method that provided a more robust methodology than just using a majority rule. This paper presents a progression of the previous approaches in the form of a fully automated technique for determining twin statistics for FCC and HCP materials that relies on a voting scheme to identify the parent orientation.
Two additional twin identification methods were used to validate the automated twin identification routine. The methods investigated were: manual twin identification with a user identifying each twin boundary, a semi-automated method that allowed a user to identify each parent orientation and a program to identify each twin boundary, and lastly the fully automated technique for finding the parent orientations and twin boundaries. These three methods were used to characterize twin area fractions for 316L stainless steel and α-zirconium samples.
By comparing these three schemes it was found that the fully automated technique was able to extract reliable twin statistics. Although there was some divergence between the three methods the twin area fractions were close. An automated approach enables statistically meaningful reporting of twin data by twin system and twin generation, twin variants, corrected twin widths, and Schmid factors. These twin statistics can give a greater understanding of how twinning affects the deformation of materials.
Material
α-Zirconium samples were obtained from clock-rolled and fully recrystallized crystal-bar plate. The chemistry by weight in ppm was O <50, C <22, N <50, Fe <50, Al <20, V <50, Hf <35, and Ti <25. The original microstructure consisted of equiaxed grains with a mean grain size of 25 µm. Bingert, et al. [7] reported the initial material to be devoid of twins, with a relatively strong axisymmetric <0001> crystallographic texture aligned normal to the plate.
The α-zirconium was deformed in a Taylor cylinder impact test at room temperature and 100 m/s [7] . In a Taylor cylinder impact test, a metal cylinder is launched against a rigid anvil at high speed. As the cylinder impacts the anvil, sequential layers of material deform as a compressive stress wave travels up the cylinder axis. Due to the nature of the anisotropic, in-plane strain hardening of this zirconium and the relatively modest impact velocity, the first 14 mm of the cylinder, measured from the impact face, experienced a nearly uniform strain of approximately 0.20. Samples were sectioned longitudinally to the Taylor cylinder axis. The section planes were metallographically prepared by chemical polishing with a solution of H 2 O, HNO 3 , and HF in the proportion 9:9:2.
A rolled and annealed 316L stainless steel (SS316L) sample was obtained with a nominal chemistry of (all in weight percent) 0.015 C, 17 Cr, 1 Mn, 2.5 Mo, 12 Ni, 0.023 P, 0.015 S, 0.5 Si, and 67 Fe. The microstructure consisted of equiaxed grains with a mean grain size of 36 µm. Sample were metallographically prepared and electron polished with a solution of 10 % oxalic acid and 90 % water at 6 volts.
Automated EBSD was performed on all samples with a Philips XL-30 SEM using TSL's data acquisition system. Representative regions were mapped with a step size of 0.5 µm for the zirconium and 1.0 µm for the SS316L. Analysis of the EBSD data was accomplished with TSL's OIM software along with techniques discussed later in the paper. Although TSL's OIM software was used the authors believe that these techniques can be used with other EBSD systems.
Procedure
Mason, et al. [5] suggested three criteria for verifying that any given grain boundary was most likely a twin boundary. The first criterion for twin boundary identification is that the relative misorientation between two lattice points be consistent with the crystallographic twin definition. A requirement of any technique is that potential twin systems for the material are known a priori. For this study a misorientation angle tolerance of o 5 ± was used. The second criterion verifies that a common undistorted crystallographic plane, called the K 1 or twinning plane, is present. An allowable misalignment of o 3 ± was used for the K 1 plane normals. Additionally, this criterion can determine which twin variant shares the proper K 1 plane with the parent orientation. The third criterion is simply that the spatial alignment of the predicted twin boundary should be consistent with the experimentally observed twin boundary on the metallographic section plane, called the twin boundary trace. This third step uses the K 1 plane and determines the inclination of the twin or K 1 plane to the observed section plane of the sample. The line of intersection of the predicted twin
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Textures of Materials -ICOTOM 14 plane and the sample section plane should be parallel to the experimental twin boundary. The details of this comparison are discussed by Wright and Larsen [10] . The third criterion is useful for determining the coherency of twin boundaries. Since the twins in the Taylor cylinder experiment experienced further deformation after creation, the twin boundary trace was not applied in this study. There was a small change in twin misorientations upon further deformation but this was not an issue with the first two criteria since small tolerances were applied. Even by allowing an excessive tolerance the twin boundary trace criterion failed on the majority of twins. Two twin identification methods were used to compare with the automated twin identification routine. A manual method was employed in which a user checks each boundary for a twin relationship using the previously mentioned twin criteria, in addition to a subjective determination of the parent versus twin based on grain and twin morphology. If a twin boundary was identified, that twin was marked and the overall twin area fractions were computed by performing a pixel count of twin and parent matrix.
Expanding on the manual method, a semi-automated routine was developed in which a user enters the parent orientations for each grain. Parent orientations were selected as in the manual method, but then a program was developed that would find each twin boundary from the assumed parent orientation. Details of the first two methods are discussed by Henrie, et al. [8] . The key to an automated twin identification routine is to identify the parent orientation in parent/twin relations without user intervention. For each case, the twin/parent system is enclosed by a general high-angle boundary (GHAB) that does not fulfill any twin misorientation relationship. The simplest case, shown in Fig. 1a , is a grain that contains two primary twin systems or twin variants that only have twin relationships with the parent orientation. Although this case is the simplest it is also the least likely to occur. The more likely scenario, shown in Fig 1b and 1c , is a single twin variant (and secondary twinning within that variant) enclosed by a GHAB. To address the latter case a voting scheme consisting of six tests was used to identify the parent orientation. The first test gives one vote to the major orientation within a grain, as defined by area. The majority rule was used for parent selection by Wright et al. [6] in a fully automated routine, but the authors have shown [8] that this approach only works at low strains. If there are only two orientations within a grain the second test again awards the major orientation with one vote.
Tests three and four use aspect ratio as a criterion by fitting a sphere to the individual orientations. The third test awards one vote to the orientation with the largest aspect ratio. For test four an additional vote is given to the largest aspect ratio orientation if the aspect ratio of any other orientation is less than 0.2. Some microstructures have secondary or tertiary twins or twin generations, seen in Fig 2. To account for twin generations each orientation was checked to find the number of twin generations. The fifth test awards the orientation with the smallest number of twin generations with one vote.
The sixth test relies on the Schmid factor as determined in the conventional manner for slip:
where m is the Schmid factor, but with λ defined as the angle between η 1 and the uniaxial stress axis and φ as the angle between the K 1 normal and the uniaxial stress axis. An inherent assumption in Eq. 1 is that the macroscopic applied stress is the same as the local stress experienced by the grain. Bingert, et al. [7] reported that although the twins diverged from the maximum Schmid factor activation criterion, the parent orientation could generally be determined from the sign of the Schmid factor. For the sixth test if the Schmid factors of a parent/twin pair are equal but of opposite sign than the orientation with a positive Schmid factor was given two votes. A tolerance of 0.1 was applied to the equivalence of m. Even with the assumption of stress state it was found that the Schmid factor predicted the correct parent orientation approximately 88 percent of the time. After completing the tests the orientation with the largest vote was selected as parent and twin statistics were computed.
If the voting scheme was unable to determine the parent orientation the program was stopped to enable a user to enter the parent orientation. Under tests for SS316L and zirconium the program was able to identify the parent orientation more than 98 percent of the time.
Results
Three twin identification methods were examined to understand the accuracy of a fully automated twin identification routine. Of the three methods, manual twin identification was found lacking for generating a sufficient amount of twin data in a reasonable period of time. The manual and semiautomated methods rely on a user to identify the parent orientation and it was found that about 5 percent of the subjectively determined parent orientations were different from those picked by the automated routine. In parent selection differences there was not always a clear indication of the true parent orientation and the authors feel that no method was able to correctly identify the parent orientations in all cases. Table 1 shows the results of the different identification methods for the zirconium Taylor cylinder samples. Most of the results between the different methods were very similar for the Taylor cylinder except for the 14mm, 11mm, and 8mm samples. Upon closer inspection these three samples experienced the greatest deviation of parent orientation selection. It was found from manual checks that both the semi-automated and automated methods had some degree of error and that the true twin area fraction was most likely between these bounds. Comparisons are more reliable at small strains due to less subsequent deformation and divergence from ideal twin relationships. The automated method is mostly likely within a few percent of the true area fraction. The only way the true twin area fraction could be found would be through serial sectioning, examining two mutually perpendicular sections, or using stereology by section oblique planes to capture the true twin 
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Textures of Materials -ICOTOM 14 boundary inclination. Serial sectioning and the other techniques are labor and time intensive but some work needs to be performed to gain an understanding of the accuracy of any two-dimensional twin study. For the SS316L sample, shown in Table 2 , there was a larger deviation in twin area fractions due to a greater discrepancy in parent selection than experienced in the zirconium samples. After studying the deviation it was determined that a comparison needs to be made between parent orientations and secondary twining. A secondary twin has an axis/angle relationship with the parent orientation of about the <110> plane. This additional vote for multi-generation twins may be required for FCC annealing twins since they commonly do not have an aspect ratio less than 0.2 like deformation twins. This voting parameter will be implemented in future versions. Table 3 shows the twin area fractions by twin type for the zirconium Taylor cylinder. Table 4 demonstrates the twin area fraction by twin generation for SS316L. Other work has shown corrected twin widths and active twin variants [7, 8] . These are only a few of the twin statistics that can be extracted from EBSD data for quantifying and understanding twinning. Although the facility of the technique has been demonstrated, incremental improvements in the fully automated method may be realized through optimizing the voting scheme. It has been shown that twin statistics by twin system and twin generation, twin variants, corrected twin widths, and Schmid factors can be statistically captured from EBSD data. These twin statistics can give a greater understanding of how twinning affects the deformation of materials. Additionally, modelers will have access to improved statistics in order to increase the accuracy of plasticity models.
